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A failure to autoresuscitate from primary apnea has long been suggested as a proximate cause of sudden infant death syndrome (SIDS) in human infants (15, 25, 50) . Several recent reports, based on records from home monitoring systems, indicate that gasping typically precedes SIDS but appears to be ineffective in producing a successful autoresuscitation response (36, 44) . This suggests that autoresuscitation failure in SIDS could be due to an inefficient coupling between gasping and the mechanisms normally responsible for reestablishing eupneic breathing following primary apnea. Several neurotransmitters, including glutamate (11, 42) , nitric oxide (12, 13), 5-hydroxytryptamine (5-HT) (52) , adenosine (6) , and the catecholamines (53) , have been implicated in initiating and/or modulating hypoxia-induced gasping behavior. Of these neurotransmitters, 5-HT is of particular interest since accumulating evidence suggests that a substantial subset of SIDS cases may result from abnormal development and function of the brain stem 5-HT system (23, 32, 33) . Studies using the rhythmic medullary brain slice preparation from neonatal rats suggest that 5-HT neurotransmission is essential for gasping rhythmogenesis in vitro (52) . However, it has been shown more recently that gasping persists following 5-HT receptor blockade in the more intact in situ juvenile rat preparation (51) , and that activation of adrenergic and 5-HT 2 receptors sustains gasping and restores eupneic breathing in this preparation after hypoxia-induced respiratory depression (46) . Whether 5-HT plays a significant role in eliciting gasping behavior or in initiating autoresuscitation in intact and unanesthetized neonates is not known.
We recently reported that targeted deletion of the Pet-1 gene delays postnatal respiratory maturation in newborn mice (4) . Pet-1 expression is required for differentiation and production of a full complement of 5-HT neurons in the brain (18) . Consequently, loss of Pet-1 expression results in a 67-70% depletion of 5-HT neuron number in Pet-1 homozygous (Pet-1 Ϫ/Ϫ ) mice (4, 19) , and 5-HT levels are diminished to only 10 -15% of wild-type controls (19) . Pet-1 Ϫ/Ϫ mice survive to birth but display a depressed and irregular breathing pattern that is characterized by a high incidence of spontaneous and prolonged respiratory pauses during the first postnatal week. In addition, ϳ23% of the Pet-1 mutants born to heterozygous dams die within 5 days of birth (4) although the underlying reason for this increased mortality is not yet known.
Based on these considerations, we hypothesized that abnormal development of the brain stem 5-HT system resulting from loss of Pet-1 function would impair gasping behavior and autoresuscitation capability (i.e., the ability to successfully autoresuscitate) in neonatal mice. To test this hypothesis, we compared gasping and autoresuscitation responses to hypoxiainduced apnea in intact and unanesthetized wild-type and 5-HT-deficient Pet-1 Ϫ/Ϫ neonates. Our results indicate that Pet-1 Ϫ/Ϫ mutants are capable of generating normal gasps in anoxia, but compared with wild-type controls, their gasping pattern is altered during autoresuscitation, leading to a prolongation of the time required to reestablish eupneic breathing from hypoxia-induced apnea. We speculate that compromised autoresuscitation responses may be one factor that contributes to the high mortality rate we have observed previously in Pet-1 Ϫ/Ϫ neonates (4).
METHODS
Pet-1 Ϫ/Ϫ mice. All animals used in this study were produced on a mixed C57BL/6 and 129 background (19) . Mice were maintained pathogen free in a breeding colony using standard animal husbandry procedures (12:12 h light-dark cycle, food and water ad libitum). Adult Pet-1 ϩ/Ϫ mice were mated and pregnant dams were checked twice daily for pups during the perinatal period. A postnatal age of 0.5 days (P0.5) was assigned to the day on which pups were first detected with the dam. Pups were weighed, toe-clipped to distinguish individuals, and a tail tissue sample was taken for Pet-1 genotyping using standard PCR protocols (19) . Only litters with indications of attentive maternal care (e.g., pups kept warm in a huddle, evidence of successful suckling in at least some of the pups) were selected for study. All animal care and experimental procedures used were consistent with National Institutes of Health Animal Care and Use Guidelines and were approved by the Institutional Animal Care and Use Committee at The College of New Jersey.
Plethysmography. Ventilatory measurements were obtained using body plethysmography in the "head-out" configuration (27, 30) , as described previously (4) . Briefly, the plethysmograph consisted of two compartments, one serving as a body chamber and the other for gas delivery to the animal. The animal's head was inserted gently through a parafilm-latex-parafilm "sandwich" that served both to seal the body chamber to the gas chamber (parafilm) and to form an air-tight seal around the animal's neck (latex). Special care was taken to minimize neck seal constriction. A small pneumotachograph, attached to a differential pressure transducer (model DP-103, Validyne Engineering, Northridge, CA), was inserted through the wall of the body chamber via an air-tight gasket. The flow signal from the pneumotachograph was demodulated (model CD-15 carrier demodulator, Validyne), amplified, and integrated (Gould model 11-4113-01, Cleveland, OH), digitized (TL-1 DMA interface, Axon Instruments, Foster City, CA), and captured to disk (1-kHz sampling frequency, Axotape, v.1.2, Axon Instruments) for subsequent analysis. Temperature within the body chamber was measured (model 52 II thermometer, Fluke, Everett, WA) and maintained within the thermoneutral range (32-34°C) for neonatal rodents (29) via an infrared lamp. Breathing gas was delivered continuously to the animal (50 -60 ml/min), and the gas composition was changed as needed without flow interruption through a crossover valve. During both the initial acclimation period and at the end of each experimental run, 50 l of air was injected into the body chamber with a gas-tight syringe (model 1710, Hamilton, Reno, NV) to serve as a calibration pulse for tidal volume measurements (27) .
Experimental protocols. To determine whether gasping behavior or autoresuscitation capability was altered following abnormal development of the brain stem 5-HT system, P4.5 wild-type (n ϭ 18) and Pet-1 Ϫ/Ϫ (n ϭ 14) mice were placed individually within the plethysmograph and allowed to acclimate to the chamber for a minimum of 10 min while breathing a normoxic (21% O 2-79% N2) gas mixture. Ventilation was recorded continuously during the final 5 min of this acclimation period. The gas flow was then switched rapidly to a 97% N 2-3% CO2 mix (exchange time Ͻ5 s) and maintained until the animal experienced primary apnea, as judged by an absence of respiratory movements. The gas flow was then switched back to normoxia (ϳ15-20 s after the beginning of primary apnea) and all subsequent respiratory efforts by the animal (gasping and subsequent autoresuscitation) were recorded continuously. Following successful autoresuscitation, ventilation was recorded for an additional 10 -15 min. Since previous studies have demonstrated that the depressed and irregular ventilation characteristic of neonatal Pet-1 Ϫ/Ϫ mice are transient and improve significantly with postnatal age (4), the same animals were tested 5 days later (P9.5) with an identical protocol to determine the effects of postnatal age on gasping and autoresuscitation capability.
The ability to maintain a gasping response during prolonged hypoxia would enhance the chances for survival should oxygen levels subsequently increase (8, 9) . Therefore, to determine whether loss of Pet-1 function in any way altered the overall duration of the gasping period during attempted autoresuscitation, we compared the gasping responses in a separate group of P4.5 wild-type (n ϭ 7) and Pet-1 Ϫ/Ϫ (n ϭ 9) mice exposed to unrelenting hypoxia. In this protocol the 97% N 2-3% CO2 gas mixture was delivered to the animal following the initial acclimation period (as described above) but was maintained throughout the experiment until terminal apnea and death.
Data analysis. In the autoresuscitation experiments, the following parameters were measured directly from the recordings: 1) the time to primary apnea from the beginning of the hypoxic exposure; 2) gasp latency (the time to first gasp from the beginning of primary apnea); 3) the time to resumption of rhythmic breathing from the beginning of primary apnea; 4) the duration of the gasping period (the time interval from the beginning of the first gasp to resumption of rhythmic breathing); and 5) the time intervals between gasps. Gasping frequency was calculated as the number of gasps per minute during the gasping period. In addition, the duration of the hypoxic exposure (i.e., the time interval from the beginning of exposure to 97% N 2-3% CO2 to resumption of normoxia, typically ϳ15-20 s after the beginning of primary apnea) was determined. In experiments utilizing unrelenting hypoxia, the total number of gasps, the duration of the gasping period, gasping frequency, and the time to last gasp from the beginning of primary apnea were determined in a similar manner. The form of individual gasps was more variable when autoresuscitation was allowed to occur (compare Fig. 1 to Fig. 4) , and the initial breaths during reestablishment of rhythmic ventilation were invariably of large volume. Since initial gasps during autoresuscitation were typically characterized by a large-volume inspiration that was preceded by a brief expiratory phase, these characteristics were used as a guide to assign individual ventilatory efforts as gasps during the transition to eupneic breathing.
Statistical analysis. All measurements and data analyses were performed without a priori knowledge of genotype. Statistical analyses were performed using GraphPad Prizm v. 5.01 (GraphPad Software, La Jolla, CA). Reported values are expressed as means Ϯ SD. Unpaired t-tests were used to compare mean values for gasping parameters between P4.5 wild-type and Pet-1 Ϫ/Ϫ null mice derived from the experiments utilizing unrelenting hypoxia and for comparisons of hypoxia duration. A repeated-measures two-factor ANOVA followed by post hoc comparisons using the Bonferroni test was used to determine whether genotype or age affected parameters associated with autoresuscitation responses. The Kolmogorov-Smirnov test was used to compare differences in time intervals between gasps in wild-type and Pet-1 null mutants at each postnatal age. For all statistical tests, a P value of Ͻ0.05 was considered significant.
RESULTS
All but one animal used in the present study successfully autoresuscitated from primary apnea induced by a single exposure to 97% N 2 -3% CO 2 , provided oxygen was made available 15-20 s after apnea began, but before the first gasp. The animal that did not survive was a P9.5 Pet-1 null mutant. The sequence of respiratory efforts produced during a successful autoresuscitation response was qualitatively similar for wildtype and Pet-1 mutants at both postnatal ages tested. Examples of this sequence from individual P4.5 wild-type and Pet-1 Ϫ/Ϫ mice are shown in Fig. 1 . Exposure to the test gas produced an immediate increase in breathing frequency (single arrow, b), and this hyperpnea was invariably accompanied several sec-onds later by arousal and a substantial increase in motor activity (not shown). The period of hyperpnea and arousal was relatively short lasting but of variable length (mean duration 36 Ϯ 10 s, range 18 -72 s for all animals tested, n ϭ 82) and was followed immediately by primary apnea in which respiratory movements were absent. During the very early part of primary apnea small forelimb movements and larger body twitches were occasionally observed. Eventually, the first gasp was produced, followed by a series of additional gasps (numbered in Fig. 1, c) before rhythmic ventilation was reestablished (double arrow).
Despite a similarity in the general sequence of respiratory efforts in all animals during autoresuscitation, analysis of several key parameters of the response indicated significant differences in autoresuscitation responses between wild-type and Pet-1 mutant mice. On P4.5, the time from initial exposure to the test gas and the beginning of primary apnea was significantly longer in the Pet-1 mutants (Fig. 2A, P4 .5) although there was no significant difference between genotypes in the duration of the hypoxic exposure (ϩ/ϩ: 56 Ϯ 10 s, n ϭ 18 vs. Ϫ/Ϫ: 63 Ϯ 12 s, n ϭ 14; P ϭ 0.08). In addition, the time interval from the beginning of apnea to the first gasp (gasp latency) was over 4 times longer in Pet-1 Ϫ/Ϫ mice (Fig. 2B , P4.5), and it took the mutants nearly 3 times longer to reestablish a rhythmic breathing pattern (Fig. 2C, P4 .5) compared with age-matched wild-type controls. The total number of gasps generated by wild-type and Pet-1 Ϫ/Ϫ animals was similar (Fig. 2D, P4.5) ; however, the duration of the gasping period was twice as long (Fig. 2E, P4.5) , and the mean gasping frequency was 41% lower (Fig. 2F, P4 .5) in the Pet-1 Ϫ/Ϫ mice. Similar measurements on P9.5 revealed a persistent deficit in the Pet-1 Ϫ/Ϫ mice. Gasp latency was still more than two times longer in the mutants (Fig. 2B, P9 .5) and it took the mutants 67% longer to reestablish rhythmic ventilation following hypoxia-induced primary apnea (Fig. 2C, P9 .5). However, at this age the total number of gasps (Fig. 2D, P9 .5), the duration of the gasping period (Fig. 2E, P9.5) , and the gasping frequency (Fig. 2F, P9 .5) were all similar to wild-type. In addition, the time to primary apnea ( Fig. 2A, P9 .5) and the duration of the hypoxic exposure (ϩ/ϩ: 52 Ϯ 18 s, n ϭ 18 vs. 49 Ϯ 6 s, n ϭ 14; P ϭ 0.52) were not significantly different between genotypes at this age.
A comparison of autoresuscitation parameters between P4.5 and P9.5 animals revealed several significant age by genotype Fig. 1 . Sequence of respiratory events during autoresuscitation in postnatal day 4.5 (P4.5) mice. A: plethysmographic recording of ventilation from a P4.5 wild-type mouse during different phases of a successful autoresuscitation response. a: level of ventilation during the initial normoxic control period (21% O2). b: ventilation immediately increased in amplitude and frequency when the mouse was exposed to a 97% N2-3% CO2 gas mixture (single arrow). Hyperpnea was invariably accompanied several seconds later by a substantial increase in motor activity that obscured the ventilatory signal, and this was soon followed by primary apnea. The time interval between primary apnea and the first gasp in this animal was 132 s. c: continuous recording through the gasping period showing the initial (1) and subsequent (numbered) gasps before reestablishment of a rhythmic pattern of ventilation (double arrow). d: during the 15 min recovery period, ventilation returned toward the prestimulus control level. B: an analogous set of plethysmographic recordings from a P4.5 Pet-1 Ϫ/Ϫ mutant mouse. The general pattern was similar to that observed in the wild-type, although the time interval between primary apnea and the first gasp in this mutant was 351 s. This general sequence of events during an autoresuscitation response was also evident on P9.5 in both genotypes (not shown); however, the difference in time to first gasp was not as striking between genotypes at this age (see Fig. 2B ). Note the substantially depressed breathing frequency in the Pet-1 null mutant compared with wild-type, as reported previously (4). Scale bars: horizontal, 3s; vertical, 50 l.
interactions, indicating that autoresuscitation responses changed differently in the two genotypes with increasing postnatal age. Although the total number of gasps and the duration of the gasping period did not change significantly in either genotype with increasing postnatal age (compare Fig. 2, D and E, P4.5 vs. P9.5 for either genotype, P Ͼ 0.05), both the gasp latency and the time to reestablish rhythmic breathing was significantly shorter, and the gasping frequency was significantly greater in the older mutants but not in the older wild-types compared with the same mice at the earlier age (compare Fig. 2 , B, C, and F, P4.5 vs. P9.5, open bars; B and C: P Ͻ 0.01; F: P Ͻ 0.05). In addition, the time to primary apnea was significantly shorter in the P9.5 vs. the P4.5 null mutant mice (compare Fig. 2A, P4 .5 vs. P9.5, open bars; P Ͻ 0.05). Taken together, these data demonstrate that autoresuscitation responses, as assessed by the time required to generate an initial gasp (gasp latency), the duration of the gasping period, gasping frequency, and the time required to resume rhythmic ventilation, were significantly altered in Pet-1 mutants relative to wild-type controls. Moreover, differences between wild-type and mutant autoresuscitation responses persisted into the second postnatal week despite an age-dependent improvement in the ability of the Pet-1 mutants to mount a more rapid defensive respiratory response to hypoxia-induced apnea.
We next assessed the intervals between gasps in the autoresuscitation response. We reasoned that rapid reestablishment of rhythmic breathing would be promoted if gasps occurred earlier, rather than later, following primary apnea. When we plotted the time of occurrence of individual gasps in each P4.5 wild-type and Pet-1 Ϫ/Ϫ mouse we found that the time interval between the first and second gasp was in most cases longer in the mutants than in age-matched wild-type controls (Fig. 3A , ϩ/ϩ vs. Ϫ/Ϫ). Kolmogorov-Smirnov comparisons of these data sets revealed that the time intervals between the first and second gasp were significantly longer in the mutant mice (P Ͻ 0.001). However, the time intervals between four subsequent gasp pairs [i.e., gasps 2-3 (P ϭ 0.16), 3-4 (P ϭ 0.34), 4 -5 (P ϭ 0.72), and 5-6 (P ϭ 0.10)] were not significantly different between genotypes. At P9.5, the gasp distributions between wild-type and Pet-1 Ϫ/Ϫ mice appeared much more similar (Fig. 3B , ϩ/ϩ vs. Ϫ/Ϫ), and no significant genotypespecific differences in the time intervals between any of the same gasp pairs, including the interval between the first and the second gasp, were found. These data indicate that, in addition to a significantly delayed initial gasp, the production of a second gasp is also delayed in the P4.5 Pet-1 mutants.
The ability to maintain gasp production under conditions of sustained hypoxia would enhance the chance for survival if oxygen were subsequently to become available (8, 9) . To assess overall gasping capability in Pet-1 Ϫ/Ϫ mice, we tested their ability to maintain gasping behavior in the face of sustained (unrelenting) hypoxia without the possibility for autoresuscitation and compared these responses to wild-type controls. We found no differences between wild-type and Pet-1 Ϫ/Ϫ mice with respect to the total number of gasps produced (ϩ/ϩ, 23 Ϯ 5, n ϭ 7 vs. Ϫ/Ϫ, 24 Ϯ 6, n ϭ 9; P ϭ 0.71), gasp frequency (ϩ/ϩ, 1.5 Ϯ 0.35 min Ϫ1 , n ϭ 7 vs. Ϫ/Ϫ, 1.4 Ϯ 0.52 min Ϫ1 , n ϭ 9; P ϭ 0.89), the mean time interval between gasps (ϩ/ϩ, 32 Ϯ 24 s, n ϭ 91 vs. Ϫ/Ϫ, 35 Ϯ 30 s, n ϭ 159; P ϭ 0.51), or the time to last gasp from the beginning of the gasping B), the interval between the beginning of primary apnea and the reestablishment of rhythmic ventilation (C), the total number of gasps during the gasping period (D), the duration of the gasping period (E), and the gasping frequency during the gasping period (F), following a single exposure to 97% N2-3% CO2. In these experiments a normoxic gas mixture (21% O2-79% N2) was provided ϳ15-20 s after the beginning of primary apnea. Sample sizes for each group are indicated above each bar. It was not possible to accurately assess the number of gasps in one P4.5 wild type due to movement artifact during the gasping period, and therefore the number of gasps, duration of gasping, and gasp frequency data were not available for this animal. One P9.5 mutant did not successfully autoresuscitate, and therefore the time to resumption of rhythmic breathing was not available for this animal. *Different from P4.5 ϩ/ϩ, P Ͻ 0.05. **Different from P4.5 ϩ/ϩ, P Ͻ 0.01. # Different from P4.5 Ϫ/Ϫ, P Ͻ 0.05. ## Different from P4.5 Ϫ/Ϫ, P Ͻ 0.01. period (ϩ/ϩ, 16 Ϯ 1.5 min, n ϭ 7 vs. Ϫ/Ϫ, 18 Ϯ 2.6 min, n ϭ 9; P ϭ 0.12). Individual gasps elicited by either genotype underwent a similar progression in form from the beginning of the gasping period until the terminal gasp (Fig. 4) . Early gasps were characterized by an initial expiratory component before inspiration (e.g., Fig. 4A, gasps 1-5 ) while in later gasps the initial expiratory component was lost (e.g., Fig. 4A , gasp 6 and higher). As the gasping response continued, the gasps gradually broadened and diminished in size until the final gasp and terminal apnea. These data suggest that despite a significant difference in the timing of initial gasp production compared with wild-type ( Fig. 2A) , in the absence of oxygen the Pet-1 mutant mice are able to mount a sustained gasping effort that is otherwise similar to wild-type.
DISCUSSION
Autoresuscitation is a well-known survival-promoting response to primary apnea in mammals that reestablishes eupneic breathing following hypoxic gasping (5, 8, 15, 21, 40) . Although gasping is a prerequisite for autoresuscitation, gasping alone does not guarantee a successful autoresuscitation response. Indeed, a failure to autoresuscitate following primary apnea, despite vigorous gasping, has been documented in animals (9, 40) and in humans dying of SIDS (36, 44) , suggesting that an efficient coupling between gasping and the mechanisms normally responsible for reestablishing eupneic breathing is essential. Here we show, using a genetic loss-offunction approach, that a developmental abnormality in the central serotonergic system, resulting in a severe (ϳ70%) loss of brain stem 5-HT neurons (4, 19) , is associated with altered autoresuscitation responses in unanesthetized newborn mice.
The most striking result in the present study was our finding that P4.5 Pet-1 Ϫ/Ϫ mice took over four times longer than wild-type littermates to initiate gasping behavior following hypoxia-induced apnea. The underlying reasons for this are not yet clear. One possibility is that the longer gasp latency reflects a change in the threshold oxygen level for activation of gasping in these animals. While eupneic breathing is thought to be generated by complex synaptic interactions between neurons with specific intrinsic membrane properties within a spatially distributed neural network in the brain stem (38, 41) , the neural substrate for gasping appears to be confined to the medulla oblongata (7, 39, 45) . Many neurons in this region have Fig. 4 . Plethysmographic recordings of individual gasps from a P4.5 wild-type and Pet-1 Ϫ/Ϫ mouse during exposure to unrelenting hypoxia. Following an initial 10-min acclimation period, each animal was exposed to a 97% N2-3% CO2 gas mixture until terminal apnea and death. A: gasp sequence in a wild-type (ϩ/ϩ) mouse. B: gasp sequence in a Pet-1 mutant (Ϫ/Ϫ). The apneic intervals between gasps have been eliminated to allow efficient comparisons of the form of the individual gasps. In both cases, gasps with an initial expiratory component followed by inspiration occurred early, whereas gasps that occurred at later stages of the gasping sequence lacked this initial expiratory component. Scale bars: horizontal, 3 s; vertical, 50 l. , from the initial gasp (positioned at t ϭ 0) to the final gasp before resumption of rhythmic ventilation (** animal did not resuscitate). In each group, the cases are arranged in ascending order according to the latency to the second gasp (shortest latency at bottom, longest latency at top). Sample sizes: ϩ/ϩ, n ϭ 17; Ϫ/Ϫ, n ϭ 14 at each age.
oxygen-sensing capability that may play a role in hypoxiainduced gasping (31, 42, 43) . One current view of gasp generation is that it is driven by a pattern of inspiratory activity arising from a functionally distinct state of the respiratory network (34, 45, 47) . According to this view, respiratory rhythm during severe hypoxia "switches" from a eupneic pattern supported by a larger pontomedullary neuronal network and becomes reconfigured around a medullary network driven predominantly or exclusively by pacemaker neurons (34, 45, 47) . A key feature of these pacemaker cells is the presence of a membrane channel that mediates a persistent sodium current that continuously drives membrane depolarization (2) . The magnitude of this current can be increased by hypoxia (3) as well as exogenously applied 5-HT (16, 17) . We speculate that 5-HT neurotransmission may normally provide an excitatory bias to oxygen-sensing elements within the neural circuitry controlling gasping, perhaps by modulating the magnitude of the persistent sodium current in pacemaker cells that are required for gasp generation. Loss of this excitatory bias in 5-HT-deficient Pet-1 mutants could alter the threshold level for activity in pacemaker neurons, such that a lower level of tissue oxygenation is needed to elicit gasping behavior. Previous studies have shown that gasping begins when arterial PO 2 (Pa O 2 ) decreases to ϳ8 -10 Torr (15, 24) although it is not yet known whether the delayed onset of gasping in the Pet-1 mutants is correlated with lower Pa O 2 levels compared with wild-type.
A second possible explanation for the increased gasp latency in Pet-1 mutant mice is a deficit in central CO 2 sensing. Brain stem 5-HT neurons have been proposed as central chemoreceptors (37) , and the nearly complete loss of these cells in adult Lmx1b conditional knockout mice (54) is associated with a 50% decrease in hypercapnic ventilatory responses (20) . If initiation of gasping behavior is contingent on activation of central serotonergic chemoreceptors in response to rising blood CO 2 levels during apnea, then decreased 5-HT release may have contributed to the longer gasp latency in the 5-HTdeficient Pet-1 mutant mice. We have shown previously, however, that ventilatory responses to 5% CO 2 in neonatal Pet-1 mutants are normal (4) .
The possibility that an alteration of metabolic responses to hypoxia may have contributed to the delay in gasp production by Pet-1 mutants should also be considered. A decrease in metabolic rate to cope with hypoxia is a common survival strategy used by mammalian neonates that is accomplished primarily by an inhibition of thermogenesis. This is accompanied by a drop in body temperature, oxygen consumption, and metabolic production of CO 2 (28) . Central 5-HT pathways have been implicated in modulation of brown adipose tissue thermogenesis (26) , and it has been shown recently that 5-HTdepleted Lmx1b mice are unable to effectively thermoregulate during cold stress (20) . It therefore seems possible that thermoregulatory mechanisms may also be abnormal in 5-HTdeficient Pet-1 mice such that the hypometabolic response to severe hypoxia is exaggerated and that this exaggerated response is in some way linked to a delay in initial gasp generation. We do not yet know why the time required to generate an initial gasp during autoresuscitation is prolonged in the Pet-1 null mutant mice. Additional studies using a combined in vitro and in vivo approach will be required to determine the underlying mechanism(s).
Another striking finding in our study was that gasping behavior, once initiated, was virtually identical in wild-type and Pet-1 null mutants during unrelenting hypoxia. Thus loss of Pet-1 function (and the resulting 5-HT deficiency) did not affect autoresuscitation efforts by the mutants. Nevertheless, the mutants took significantly longer than their wild-type counterparts to successfully autoresuscitate from hypoxia-induced apnea at both ages tested. This was due in large part to the increased latency to the first gasp in the mutant, as discussed above. However, the production of a second gasp was also relatively delayed, and gasping frequency was significantly lower, in the younger Pet-1 mutants compared with wild-type. Interestingly, after the second gasp, we found no genotype-specific differences in the time intervals between subsequent gasps. This suggests that from this point on, gasping frequency was comparable between genotypes and that the lower overall gasping frequency we observed in the P4.5 mutant was strongly influenced by the longer time it took these animals to generate a second gasp. Gershan et al. (8) have suggested that early gasps may be more effective than later gasps in supporting an efficient (rapid) autoresuscitation response and this seemed to be the case in our study as well. The relative difficulty that the Pet-1 mutants have in initiating gasping during autoresuscitation may have important consequences, particularly under conditions of repetitive hypoxia. In the present study we subjected mice to a single episode of hypoxia-induced apnea. However, prior episodes of hypoxiainduced apnea (5) or intermittent hypoxia (10) have been shown to impair the efficacy of subsequent autoresuscitation attempts in rats. It is possible that these conditions could also significantly impair autoresuscitation capability in 5-HT-deficient Pet-1 mutants. Further studies examining the effects of multiple episodes of hypoxia-induced apnea on autoresuscitation responses and survival in these mice are therefore warranted.
Several previous studies have examined the role of 5-HT in gasping behavior. Pharmacological blockade of the 5-HT2 A receptor has been shown to eliminate both the persistent sodium current in pacemaker cells within the pre-Bötzinger complex and fictive gasping in the rhythmic medullary in vitro brain slice preparation (52) , suggesting that 5-HT neurotransmission is essential for generating a gasping rhythm in vitro. Our study demonstrates clearly that, despite a 70% loss of central 5-HT neurons (4, 19) with a concomitant depletion of 5-HT levels to 10 -15% of wild-type values (19) , Pet-1 null mutants are capable of vigorous gasping behavior. In contrast to the in vitro study cited above, pharmacological blockade of both 5-HT 1 -and 5-HT 2 -type serotonin receptors in the more intact in situ juvenile rat preparation had no influence on gasp production following ischemia (51) . As previously suggested (51) it is likely that the more intact in situ preparation retains multiple neurotransmitters or neuromodulators that normally influence the medullary mechanisms responsible for gasping neurogenesis, and these are lost in the more reduced brain stem slice. Indeed, several other neurotransmitters, including glutamate (11, 42) , nitric oxide (12, 13) , adenosine (6) , and the catecholamines (53) , have been shown to modulate hypoxiainduced gasping behavior. Interestingly, simultaneous pharmacological blockade of both ␣ 1 -adrenergic and 5-HT 2 receptors was shown to increase the time for recovery of rhythmic activity following hypoxia-induced ischemia in the in situ juvenile brain stem preparation to a greater extent than blockade of either receptor subtype alone, suggesting that multiple neurotransmitters also modulate the neural mechanisms responsible for autoresuscitation (46) . This may be the case in vivo as well and could explain the significant improvement in autoresuscitation responses in the Pet-1 null mutants with increasing postnatal age. We have shown previously that 5-HT acts early in postnatal development to stabilize respiratory rhythm (4). Likewise, 5-HT neurons may play a more significant role in initiating gasping behavior shortly after birth while other neuromodulators may increasingly influence gasp generation at older ages, effectively compensating for the 5-HT deficit in the mutant mice. The loss of Pet-1 function selectively targets 5-HT neurons (18, 19) . However, since the brain stem 5-HT system has widespread projections throughout the neuraxis (22) , loss of 5-HT neuron function could have contributed either directly to modify gasping behavior in Pet-1 Ϫ/Ϫ mice, or indirectly through abnormal modulation of other transmitter systems. Moreover, since most 5-HT neurons fail to differentiate in Pet-1 mutants during the embryonic stage (19) , a loss of 5-HT neuron influences during development may have led to the altered gasping and autoresuscitation responses we observed in this study.
A failure to autoresuscitate from primary apnea has long been suspected as a cause for SIDS in human infants (15, 25) , and a growing body of evidence suggests that a large subset of SIDS cases may result from abnormal development and function of the brain stem 5-HT system (23, 32, 33) . Although the underlying causes of SIDS are not known and the link between SIDS and serotonin neuron dysfunction is not yet clear, our finding that the initiation of gasping behavior is altered, and autoresuscitation responses are delayed, in 5-HT-deficient neonatal mice may be relevant to understanding the etiology of this syndrome.
